Abstract Recent molecular studies of symbiotic dinoXagellates (genus Symbiodinium) from a wide array of invertebrate hosts have revealed exceptional Wne-scale symbiont diversity whose distribution among hosts, regions and environments exhibits signiWcant biogeographic, ecological and evolutionary patterns. Here, similar molecular approaches using the internal transcribed spacer-2 (ITS-2) region were applied to investigate cryptic diversity in Symbiodinium inhabiting soritid foraminifera. Approximately 1,000 soritid specimens were collected and examined during a 12-month period over a 40 m depth gradient from a single reef in Guam, Micronesia. Out of 61 ITS-2 types distinguished, 46 were novel. Most types found are speciWc for soritid hosts, except for three types (C1, C15 and C19) that are common in metazoan hosts. The distribution of these symbionts was compared with the phylotype of their foraminiferal hosts, based on soritid small subunit ribosomal DNA sequences, and three new phylotypes of soritid hosts were identiWed based on these sequences. Phylogenetic analyses of 645 host-symbiont pairings revealed that most Symbiodinium types associated speciWcally with a particular foraminiferal host genus or species, and that the genetic diversity of these symbiont types was positively correlated with the genetic diversity found within each of the three host genera. Compared to previous molecular studies of Symbiodinium from other locations worldwide, the diversity reported here is exceptional and suggests that Micronesian coral reefs are home to a remarkably large Symbiodinium assemblage.
Introduction
Coral reef ecosystems are home to a large array of protist and invertebrate phyla, including representatives of the Foraminifera, Ciliata, Porifera, Cnidaria and Mollusca, which live in symbiosis with dinoXagellates belonging to the genus Symbiodinium (Trench 1993; Rowan 1998; Pawlowski et al. 2001; Lobban et al. 2002) . Extensive phylogenetic investigations, based primarily on the analyses of small subunit (SSU) and large subunit (LSU) nuclear ribosomal (nrDNA) genes, have led to the current recognition of eight distinctive groups or sub-generic lineages of the genus Symbiodinium, referred to as clades A, B, C, D, E, F, G and H (reviewed in CoVroth and Santos 2005; Stat et al. 2006) . This classiWcation scheme and phylogenetic reconstruction were recently conWrmed by the analysis of plastid Communicated by Biology Editor M. van Oppen. genes coding for the ribosomal LSU 23S Domain V (Santos et al. 2002; .
While Symbiodinium clades A, B, C and D are mostly associated with metazoan hosts, remarkable symbiont diversity, including representatives in clades C, D, F, G and H, has been found in large benthic foraminifera belonging to the sub-family Soritinae (Pochon et al. , 2004 . At higher taxonomic levels, these associations exhibit symbiont speciWcity, as evidenced by the association of soritids with entire Symbiodinium lineages (clades F and H) or sub-lineages (in clades C, D and G). Although no evidence for sensu stricto co-evolution between the soritids and their symbionts exists, a high degree of host-symbiont speciWcity has also been observed at lower taxonomic levels, not only at the sub-familial (Soritinae) level, but also within each of the three soritid genera (Sorites, Amphisorus, and Marginopora) (Garcia-Cuetos et al. 2006) .
Although SSU and LSU rDNA-based markers have been extensively applied to deciphering appreciable levels of ecological and physiological variations in the genus Symbiodinium (Rowan and Knowlton 1995; Baker et al. 1997; Rowan et al. 1997; Belda-Baillie et al. 1999; Carlos et al. 1999; Karako-Lampert et al. 2004; Chen et al. 2005) , the recent use of highly variable markers such as polymorphic microsatellites (Santos et al. 2004; Magalon et al. 2006) , the plastid-coding psbA minicircle (Barbrook et al. 2006 ) and nrDNA Internal transcribed spacer regions (LaJeunesse 2001; Rodriguez-Lanetty 2003; van Oppen et al. 2001 van Oppen et al. , 2005a have revealed additional phylogenetic structure within each Symbiodinium clade. General knowledge of Symbiodinium diversity, speciWcity and distribution has been greatly increased by several surveys of Symbiodinium ITS-2 diversity within entire reef invertebrate communities, comprising diverse species of hard corals, soft corals, gorgonians, anemones, zoanthids, corallimorphs, tridacnid clams and nudibranchs (LaJeunesse 2002 (LaJeunesse , 2005 LaJeunesse et al. 2003 LaJeunesse et al. , 2004a . In each locality, the genetic examination of 18 to 74 diVerent host genera uncovered between 20 and 32 Symbiodinium types, respectively (LaJeunesse et al. 2003 (LaJeunesse et al. , 2004a . In total, approximately 200 distinct types, as deWned by ITS-2 sequences within Symbiodinium clades A-D, can be currently recovered from GenBank, more than half of which are members of clade C.
Here, denaturing gradient gel electrophoresis (DGGE) was used to investigate diversity in Symbiodinium ITS-2 from soritid foraminifera living over a 40 m depth gradient on a single reef in Guam. Additionally, the SSU rDNA marker was used to examine the diversity of soritid hosts. This study, based on >1,000 Symbiodinium samples isolated from the three soritid genera, revealed an unexpectedly rich assemblage of symbionts and their hosts. The diversity of Symbiodinium types discovered during this survey is synthesized with those identiWed in previous studies.
Materials and methods

Sampling
Soritid foraminifera were collected monthly between September 2002 and September 2003, at "Gun Beach" (13°32ЈN; 144°47ЈE) , on the island of Guam, Micronesia (Fig. 1) . Within this locality, four sampling sites were selected corresponding to diVerent sampling depths: the reef Xat (>1 m), higher reef slope (10 m), mid reef slope (20 m), and lower reef slope (40 m). Soritid foraminifera were abundant at all sites, and were found attached to various substrates such as coral rubble, boulders, rocks, encrusting algae and macroalgae.
Because soritid representatives in the genus Sorites prefer phytal substrata while those in Amphisorus and Marginopora are usually more abundant on rocks, two collecting strategies were followed monthly at each of the four sites. First, following line transects »40-50 m long, rocks and dead coral debris were collected to Wll up a mesh bag to a total volume of 0.02 m 3 . Second, macroalgae (mainly Halimeda sp.) were collected to Wll up plastic containers to a total volume of 1 L. The bag and the containers were then placed in a cooler with seawater to avoid desiccation during transport. Once at the laboratory, collected samples were carefully examined and all living soritids were removed from the rocks and algae, one by one, with tweezers. In total, 1,010 specimens were selected for total DNA (shallow, 10, 20, and 40 m depth) extractions, after being morphologically identiWed to the genus level (Sorites, Amphisorus and Marginopora), and diametrically measured by means of an ocular micrometer.
DNA extraction, PCR, sequencing, and DGGE analyses DNA extraction, polymerase chain reaction (PCR) ampliWcation and sequencing for both soritid hosts (partial SSU rDNA) and their symbionts (ITS-2 and partial LSU rDNA) were performed following Garcia-Cuetos et al. (2006) and Pochon et al. (2001) , respectively. AmpliWed products from 20 soritid specimens (see "Results") were ligated into pGEM-T vector system (Promega) and cloned into XL-2 ultracompetent cells (Stratagene).
The Symbiodinium ITS-2 amplicons were analysed by DGGE using a CBS ScientiWc system (Del Mar, CA). PCRs were run following the "touchdown" protocol of LaJeunesse (2002) and using the internal primers itsD (5Ј GTG AAT TGC AGA ACT CCG TG-3Ј) and the GC-clamped primer "ITS2clamp2" (5Ј-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC GCT TAC TTA TAT GCT TAA ATT CAG CGG GT-3Ј). PCR products were veriWed by electrophoresis on agarose gels (1.5% agarose in 40 mM Tris-acetate, 1 mM EDTA). Samples containing successfully ampliWed PCR products were subsequently run on denaturing gradient gels (45-80% formamide, 8% polyacrylamide denaturing gradient; 100% consisting of 7 M urea and 40% deionized formamide) for approximately 12 h at 150 volts. Each DGGE band or type was referenced and periodically submitted for sequencing veriWcation to control for methodological artifacts and intragenomic variation. Direct sequences of these controls were obtained either after PCR ampliWcation of the referenced sample, or after gel excision and PCR re-ampliWcation following LaJeunesse (2002) . This gel excision method was also employed when multiple ITS-2 amplicons were detected simultaneously. For example, sequences were obtained whenever co-occuring patterns involving the same dominant band with diVerent associated Wngerprints were encountered.
Phylogenetic analyses
Two diVerent phylogenetic approaches were applied to investigate relationships within the soritid foraminifera and their symbionts. First, ITS-2 rDNA types of Symbiodinium were manually aligned using the BioEdit version 5.0.9 sequence alignment software (Hall 1999) . IntraspeciWc relationships within Symbiodinium clades C, D, F, G and H were determined by statistical parsimony using the program TCS version 1.18 (Clement et al. 2000) . Networks within each clade were delineated with 95% certainty, the gaps being treated as a Wfth state. The same approach and settings were also applied to all foraminiferal SSU rDNA sequences obtained in the genus Sorites, to test for clade delimitations.
Secondly, partial SSU rDNA sequences of soritid foraminifera were aligned using Clustal X (Thompson et al. 1997 ) and then improved manually using BioEdit (version 5.0.9). Modeltest, implemented in the PAUP* version 4.0.b10 software (SwoVord 2002) , identiWed the general time reversible (GTR) model (Lanave et al. 1984 ) as the best model for the analyses, taking into account a proportion of invariant sites (I) and a gamma distribution shape parameter ( ). Using these settings, a tree was reconstructed with the PhyML software (Guidon and Gascuel 2003) using the maximum likelihood (ML) method (Felsenstein 1981) . The reliability of internal branches was assessed using the non-parametric bootstrap method with 100 replicates. A Bayesian tree estimation method was also employed using the program MrBayes, version 3.1 (Huelsenbeck and Ronquist 2001) . One out of every ten trees was sampled for 10 6 generations with kappa and DNA substitution parameters estimated during the search. After excluding the Wrst sampled trees, categorized as the "burn-in period", a consensus tree was constructed using MrBayes.
Statistical analyses
Total inertia tests of the correspondence analyses (COA) module implemented in the program ADE-4 (Thioulouse et al. 1997) were applied to verify if the high diversity of Symbiodinium types observed in the foraminiferal genus Sorites were randomly or speciWcally distributed within this genus. Three taxonomic levels in both Sorites spp. and Symbiodinium spp. were compared two by two: the level of types, the level of networks obtained with the program TCS, and the level of clade (i.e. clades C, F, G, H for Symbiodinium and clades Sor I-Sor XII for the host Sorites).
The Fisher exact test (Zar 1999) was performed using the R environment (Ihaka and Gentleman 1996) to statistically verify the speciWcity of the Symbiodinium types detected in the sub-clades Amp I and Amp IV of the host Amphisorus.
Results
Symbiodinium identiWcations
The 1,010 specimens selected for DNA analysis represented the isolation of approximately ten soritid specimens per genus, per site, per month. Given the observed depth zonation (Fig. 1b) , with the genus Sorites abundant at all sites, the genus Amphisorus common at deeper sites (10-40 m) and the genus Marginopora restricted to the shallow site only, the total numbers of isolated specimens per genus throughout this survey were 477, 413, and 120, respectively. Of these, 461, 399, and 115 samples provided positive PCR amplications and successful DGGE proWles of Symbiodinium ITS-2 rDNA diversity. Representative DGGE proWles obtained during this survey (N = 975) are shown in Fig. 2 .
The observed proWles were mainly characterized by a single distinctive band, corresponding to a speciWc Wngerprint of the ITS-2 rDNA region ( Fig. 2a-e) . These single bands or types were sometimes accompanied by faint background bands, resulting either from the presence of paralogous loci or from the creation of heteroduplexes during the PCR ampliWcation process (see LaJeunesse 2002) . Each new band was excised from the gel, sequenced, and compared with the ITS-2 rDNA database. Sequences from each excised band received an alphanumeric name based on the taxonomy of LaJeunesse (e.g., 2002 LaJeunesse (e.g., , 2005 , starting with a letter corresponding to the Symbiodinium clade and followed by a number referring to the within clade diversity. A lower case letter was added to the types belonging to a given TCS network (see next section), and which were identiWed as a minor or derived type (i.e., rarely detected in foraminiferal populations during the survey).
Sometimes, mixed Symbiodinium genotypes were detected within a single host specimen ( Fig. 2f-g ). These co-occurring patterns were only found in the genera Sorites and Amphisorus. However, the genus Marginopora was mostly found with the symbiont type D1.1 (N = 87) in clade D1 (sensu ), which could not be assessed using DGGE due to its unusual base pair composition as well as its longer sequence length (Fig. 3a) ; hence, the presence of closely related co-occurring clade D genotypes in M. vertebralis cannot be completely excluded. As shown in Table 1 , the number of samples detected with co-occurring symbiont types in Sorites sp. and Amphisorus sp., represented approximately 10% (N = 46) and 15% (N = 67) of investigated samples, excluding mixed patterns involving potential paralogs (see symbiont types with asterisks in Table 2 ). Some co-occurring types belonged to the same Symbiodinium clade (see Fig. 2f ), while other co-occurring types belonged to two or occasionally three Symbiodinium clades (Fig. 2g ). Most incidences of mixed genotypes observed during this survey were found in the smallest hosts, i.e., juveniles with a diameter of 0.1-2.0 mm (Table 1) .
In total, 61 Symbiodinium ITS-2 types were identiWed during this survey. Their host distribution, abundance and corresponding number of sequences obtained for type veriWcation, as well as the sequences size and GenBank accession numbers are shown in Table 2 . The diversity of Symbiodinium types retrieved from previous studies is presented in Table 3 .
The occurrence of Symbiodinium types in the genera Sorites, Amphisorus, and Marginopora, are plotted in Fig. 4 . As many as 43 diVerent Symbiodinium types were detected in Sorites, of which 36 associated speciWcally with this genus (see Table 2 ). C91 was by far the most common Symbiodinium type in Sorites (Fig. 4a) , occurring in 184 specimens. Ten additional types belonging mainly to Symbiodinium sub-clades F4 and F5 (sensu were the next most common Symbiodinium types, occurring in 10-31 specimens. The remaining 32 types were found at low frequency (<10 times specimens each). The genus Amphisorus harbored 18 diVerent Symbiodinium types (Fig. 4b) ; the most common one being C1 (N = 140), a pandemic symbiont type extremely common in cnidarians (LaJeunesse 2005) . The second most common type in Amphisorus was C91 (N = 77), followed by types F3.2, F3.1, C93, and C92 with 65, 61, 18, and 10 counts, respectively. The remaining 13 types identiWed in this genus were found at low frequencies (·10). In the genus Marginopora, only nine types were identiWed ( Fig. 4c ): type D1.1 (N = 87), type G2 (N = 19), and seven other types found at extremely low frequencies (·2).
Symbiodinium type networks
Following the completion of the Symbiodinium-DGGE survey, Wve ITS-2 datasets were compiled for clades C, D1, F, G, and H, including a total of 156 unique ITS-2 types. Each alignment was analyzed by statistical parsimony, which produced 16 ITS-2 networks and 19 single types (Fig. 5) .
The most intricate network was produced by Symbiodinium clade C (Fig. 5a ). This clade included 82 ITS-2 types previously identiWed by LaJeunesse (2005) in numerous Indo-PaciWc metazoan hosts, and ten types speciWc to soritid foraminifera (Pochon et al. 2004) . Since clade C in soritid foraminifera is restricted to the Indo-PaciWc (Pochon et al. 2004) , only Indo-PaciWc non-foraminiferal ITS-2 types were considered here. A complete network, including all known clade C types, was also analysed and produced congruent results (data not shown). The great majority of clade C types detected in soritid foraminifera cluster in a speciWc region of the network: between the ancestral type C3 and the derived type C15 which is very common throughout Indo-PaciWc corals in the genus Porites and from which a number of speciWc or endemic types have evolved (LaJeunesse 2005) .
The highest diversity was found within Symbiodinium clade F (Fig. 5b ), in accordance with previous analyses of ITS-1 sequences (Rodriguez-Lanetty 2003) . This clade contained 43 ITS-2 types speciWc to soritid foraminifera, of which 32 were characterized in Guam (this study), and 11 were recovered from other localities ( Table 3 ). The parsimony criterion resolved 11 networks and four single types (Fig. 5b) , including the complete diversity of types detected to date in soritid symbionts from sub-clades F2, F3, F4, and LaJeunesse (2005) . b, c Single ITS-2 Wngerprints belonging to the Symbiodinium sub-clades F3, F5, and F4, respectively. d, e Single ITS-2 types belonging to clades G and H, respectively. f, g Multiple ITS-2 patterns containing proWles of more than one symbiont type simultaneously. f Co-occurring patterns of types belonging to the same Symbiodinium clade. g Co-occurring patterns of types belonging to diVerent Symbiodinium clades. Standards (MKR) in both sides of the gels are pooled PCR-DGGE ampliWcations from the nine types indicated on the left side of the gels. HD refers to the presence of heteroduplexes F5. Sub-clades F4 and F5 are the most diversiWed in this clade, possessing 21 and 11 types organized in eight and two networks, respectively. The F2 symbionts previously documented in the Jamaican coral Meandrina meandrites (LaJeunesse 2001) corresponded to type F5.1, while those reported in Alveopora japonica could not be assessed since ITS-2 sequences are not available in GenBank. Compared to clades C and F, the diversity of remaining clades G, H, and D1 was much lower (Fig. 5c-e ). Symbiodinium clade G and H contained, respectively, 5 and 11 ITS-2 types that are highly speciWc to soritid foraminifera and mostly collected in Guam. Subclade D1 included two sequences: one sequence called D1.1 (D1 in Garcia-Cuetos et al. 2006 ) and another sequence named D1.2 and obtained from the PSP1-05 Symbiodinium sample originally isolated from the sponge Haliclona koremella (see Carlos et al. 1999 ).
Soritid diversity
In order to assess the degree of speciWcity between the soritid foraminifera and their symbionts collected during this survey, the SSU rDNA sequences of 169 selected soritid foraminifera were obtained and compared with 24 previously published (Garcia-Cuetos et al. 2006 ) sequences representing the diversity of all soritid morphospecies. A total of 16 diVerent SSU phylotypes were found during this survey (Fig. 6 ). This number comprised 13 out of the 22 formerly described phylotypes obtained from the soritids collected in nine localities worldwide (Garcia-Cuetos et al. 2006 ). In addition, three new phylotypes Sor I.a, Sor I.b, and Sor I.c, represented by 29 sequences, were described. Of the 169 samples analyzed, 149 produced high-quality direct sequences; the remaining 20 sequences were obtained by cloning. Of these 20 clones, 14 produced unique sequence signatures, while six revealed the presence of paralogous copies, all within the soritid phylotype Sor I.c. GenBank accession numbers, as well as the geographic source of all soritid sequences are found in Table 4 .
Host-symbiont speciWcity
An accurate examination of host-symbiont relationships between the many Symbiodinium types and the 16 soritid SSU phylotypes identiWed during this survey requires that the molecular identiWcation of hosts and symbionts be as exhaustive as possible. This endeavor was successfully completed for the 399 Amphisorus sp. and 115 M. vertebralis specimens, but only partially achieved for the 461 Sorites sp. individuals. In the genus Amphisorus, the sequences of A. kudakajimaensis (Amp I) were 25 bp shorter than the sequences of A. hemprichii (Amp IV), allowing their separation on a PCR gel (Fig. 3b) . Using this approach, the 399 Amphisorus specimens were ampliWed, of which 263 and 136 individuals belonging to Amp I and Amp IV were identiWed, respectively. In the species M. vertebralis, only one phylotype (Mar I) is present on the Island of Guam, as evidenced by the 12 sequences produced in this study (Table 4 ) and 13 sequences from previous work (Garcia-Cuetos et al. 2006) . Consequently, all 115 specimens analyzed in this study were attributed to the phylotype Mar I. Finally, due to time and cost considerations, 131 of the 461 Sorites specimens were randomly selected and sequenced according to the Symbiodinium type they contained, to ensure balanced sampling according to relative Symbiodinium abundance (see scatters in Fig. 4a) .
The proportion of Symbiodinium types falling into the soritid phylotypes Amp I, Amp IV, Mar I, and Sor I-Sor XII, (Carlos et al. 1999) b Type detected in our unpublished data base are shown in the pie charts of Fig. 6 . In each pie chart, only the types present in >5% of the total number of samples are represented. Highly speciWc host-symbiont association patterns were evident in the genera Amphisorus and Marginopora. The species A. kudakajimaensis (Amp I) was speciWcally associated with Symbiodinium types in clade C Table 3 Fischer exact test applied to the 263 (Amp I) and 136 (Amp IV) Symbiodinium types was highly signiWcant (P < 2.2 e ¡16 ), rejecting unambiguously the independence of these associations. In M. vertebralis, the soritid phylotype Mar I was the unique host for the Symbiodinium types D1.1 and G2. Finally, in the highly divergent genus Sorites, Fig. 6 Maximum likelihood phylogenetic reconstruction of Soritinae inferred from 193 partial small subunit rDNA sequences, including 169 sequences obtained during this survey and 24 previously published sequences used as references (see phylotypes names followed by the GenBank accession numbers) for the delimitations of the 22 soritid phylotypes described in Garcia-Cuetos et al. (2006) . Symbols at nodes correspond to bootstrap values in ML and posterior probabilities in MrBayes analyses, respectively, with a dash (-) and an asterisk (*) representing values lower and higher than 70% (ML) and 0.8 (MrBayes) of support. Numbers in brackets in each soritid phylotype correspond to the speciWc SSU types detailed in Table 4 . Left pie charts represent the proportions of the Symbiodinium types (brightest diagnostic bands) detected in each soritid phylotypes, with the diameters of the pie charts proportional to the number of soritid hosts analysed (see circular inset scale). The colours in the left pie charts correspond to the membership of each types to their respective Symbiodinium clade (see legend), the black colour corresponding to the types detected in less than Wve percent of the total number of samples analysed in each soritid phylotype 
Sorites sp. Sor I.c.
(1) 10 g AM748626 Fig. 4 b Number of sequences obtained in Guam during this study c GenBank sequence accession numbers the patterns of host-symbiont speciWcity were less evident (see "Discussion"). However, overall host-symbiont speciWcity in the genus Sorites was signiWcant (Table 5) . Total inertia tests on nine datasets combining three diVerent classiWcation levels (type, TCS networks, and phylotypes or clades) for Sorites spp. and their symbionts, showed that signiWcant host-symbiont structure exists in all comparisons, except for the "Sorites type" versus "Symbiodinium clade" comparison (P > 0.05). It is particularly striking that the Symbiodinium type C91, commonly detected in A. kudakajimaensis, was only found in a single phylotype of Sorites (Sor I).
Discussion
By identifying 61 symbiont types in only three soritid host genera, this study revealed the most diverse Symbiodinium assemblage sampled to date from a single reef. Compared to previous studies (and unpublished data) from several locations in the Red Sea, Indo-PaciWc and Caribbean, Guam is the only locality where seven out of the eight currently described Symbiodinium lineages have been documented (LaJeunesse et al. 2003 (LaJeunesse et al. , 2004b . Finally, 20 genetically distinct symbiont types were detected in the host communities from both Hawaii (18 host genera) and Okinawa (31 host genera) (LaJeunesse et al. 2004a, b) . The soritid-Symbiodinium diversity described here represents up to three times the diversity of symbiont types previously reported in surveys of reef invertebrates. Such high diversity might be a consequence of the following three factors: Wrst, the collection of >1,000 soritid hosts over a 40 m depth gradient on one reef over the course of an entire year, represents the most targeted and exhaustive sampling eVort ever undertaken for any group of Symbiodinium-bearing hosts. Second, asexual reproduction in soritid foraminifera, i.e., the process of host division by multiple Wssion during which symbionts are vertically transmitted from mother cells to oVspring, might be a dominant feature in these organisms and is held responsible for the high diversity and speciWcity observed in soritid-Symbiodinium associations (Garcia-Cuetos et al. 2006 ). Third, Micronesian waters might contain one of the most biologically diverse Symbiodinium communities on Earth (Pochon 2006) , in agreement with some marine biodiversity surveys of the Marianas Islands showing that Guam has the greatest record of marine diversity (protists and metazoans) for any area of comparable size (Pauley 2003) . Our general knowledge of Symbiodinium populations, such as the recent Wnding of high diversity and host speciWcity of symbiont types from Hawaiian invertebrate host communities (LaJeunesse et al. 2004a) , would beneWt from additional Wne-scale surveys of Symbiodinium types in metazoan host communities from Guam.
To better understand the factors underlying the unusual soritid symbiont diversity in Guam, some aspects of Symbiodinium diversity merit further discussion. These include:
(1) the accuracy of ITS-2 as a marker of Symbiodinium species diversity; (2) the speciWcity of the relationship between foraminifera and their hosts, and (3) intraspeciWc symbiont diversity in soritid foraminifera. Detailed analyses of spatio-temporal patterns of symbiont distribution in relation to the life cycle of the soritid hosts surveyed in this study are in progress.
Taxonomic meaning of ITS-2 types
Our general knowledge of the diversity of Symbiodinium types is based on hundreds of ITS rDNA genotypes described recently (Rodriguez-Lanetty 2003; LaJeunesse 2005; van Oppen et al. 2005a, b) . However, an important, yet unresolved, issue is what constitutes a species in Sorites phylotype (N = 13) P = 0.0000 P = 0.00000 P = 0.0000
Symbiodinium, and how accurately ITS-2 sequence divergence equates to functional diversity in these organisms. Symbiodinium types identiWed in the present study are likely to represent intragenomic variants rather than distinct symbiont types (see Table 2 ). For example, type C91d was never observed as a single DGGE Wngerprint, but cooccurred frequently as a minor band with type C91 (Fig. 2f , line 2). Other probable variants, such as for instance F3.4a, F4.3a, and F4.2a where detected only once in association with one to two genetically closely related types, respectively (Fig. 2f, lines 5-7) . Furthermore, visual interpretation of ITS-2 DGGE gel patterns can be sometimes misleading due to identical melting point temperature of diVerent ITS-2 fragments (van Oppen and Gates 2006; Apprill and Gates 2006) . In the present study, special emphasis was placed on the veriWcation of DGGE signatures by sequencing 277 uncertain gel patterns. As many as 17 of these patterns (6%) were misidentiWed, reXecting the apparent limitation of the DGGE methodology to resolve migration diVerences between a number of Symbiodinium types. For example, types C91 and C15 were visually indistinguishable (Fig. 2a, lanes 3  and 5) . However, C15 was detected only once in a total of 54 sequences of control, suggesting that this type is either the result of sequencing errors, or present at a very low frequency in soritid populations. Other DGGE patterns, such as those produced by types F4.1a, F4.4, and F4.4b (Fig. 2c , lanes 2, 6, and 8) and types F4.4a, F4.8a, and F4.8b (Fig. 2c, lanes 7, 13, and 14) , were extremely similar and needed to be interpreted with caution. Misinterpretation of DGGE proWles is likely to increase when comparing Symbiodinium types from diVerent sampling localities. For example, Symbiodinium types F2 and F2a from the Red Sea ( Fig. 5b; Table 3 ) produced identical banding patterns to the types C93 and F5.1 from Guam, respectively (data not shown). Consequently, reference DGGE proWles obtained from one locality may be misleading when applied to interpreting proWles from other localities. This indicates that DGGE-based Symbiodinium identiWcation should always be veriWed by routine sequencing and/or cloning, and that reference proWles should be made from samples obtained from the same location as the samples being analyzed.
Soritid diversity and speciWcity
The present study reinforces several previous hypotheses concerning diversity and speciWcity in soritid-Symbiodinium relationships. It is quite remarkable that soritid diversity on a single reef should be so high, with up to 16 phylotypes in three genera. The most striking soritid diversity was found in the genus Sorites, represented in Guam by 13 phylotypes. This included almost all described phylotypes, except for Sor VI and Sor VII which seem to be endemic to the Red Sea (Garcia-Cuetos et al. 2006) . The same pattern of diversity is apparent in the Symbiodinium diversity found in the three soritid genera, with 43, 18, and 9 symbiont types detected in the genera Sorites, Amphisorus, and Marginopora, respectively. This strongly suggests that the biodiversity of both soritid hosts and symbionts are positively associated. Together, these observations support the idea that soritid foraminifera, at one time or another, must have been Xexible enough to accept unrelated Symbiodinium from neighboring metazoan hosts (Lee 2001) . At the same time, however, Symbiodinium assemblages in soritids appear to have evolved in such a way that several highly speciWc host-symbiont relationships became evolutionarily stable, limiting further exchange between soritids and metazoan hosts in contemporary coral reef ecosystems. This process could be compared to allopatric speciation with the host considered as the environment where reproductive isolation and evolution takes place.
DiVerent degrees of host-symbiont speciWcity are also clearly evident in soritid species. Of a total of 73 ITS-2 Symbiodinium types detected to date in soritid foraminiferans worldwide (Fig. 5) , only three types (C1, C15, and C19) have been found in other metazoans. In Guam, these three types were found exclusively in the soritid species A. kudakajimaensis (Fig. 6) . In fact, A. kudakajimaensis appears to favor a number of generalist symbiont types, as shown by the prevalence of pandemic host-generalist type C1 in this host species, as well as a high number of specimens containing C91, C92, F4.4, F4.6, and F5.1a, which are among the most common Symbiodinium types in the genus Sorites. However, the overall speciWcity between Symbiodinium types and soritid species was statistically supported (see "Results"). A. kudakajimaensis and A. hemprichii were extremely well discriminated, and seem to have preferentially adapted towards C and F3 Symbiodinium types, respectively. On the other hand, the shallowwater dwelling M. vertebralis associated speciWcally with types D1.1 and G2, both belonging to Symbiodinium lineages that show high stress tolerance and/or opportunistic abilities (Baker et al. 2004; Rowan 2004; van Oppen et al. 2005a, b) .
In the highly divergent genus Sorites, patterns of hostsymbiont speciWcity were much more diVuse (Fig. 6 ) than in Amphisorus and Marginopora. For example, the soritid phylotype Sor II appeared to be the most Xexible, possessing up to eight unrelated symbiont types, six of which fall under the 5% limit of the pie chart (data not shown). Similarly, Sor III and Sor XI were found in association with six and four unrelated Symbiodinium types, respectively. In contrast, some Symbiodinium types, such as C92 and F5.1a, were detected in four and three diVerent soritid phylotypes, respectively. However, total inertia tests were statistically signiWcant in most comparisons ( Table 5 ), suggesting that the majority of symbiont types identiWed in the genus Sorites were not randomly distributed between phylotypes, and supporting the existence of a diverse but structured population of holobionts. It is highly probable that the use of SSU rDNA sequences are inappropriate for deciphering the true diversity of soritid lineages, especially in the genus Sorites, and that the use of a more variable molecule will uncover even greater host-symbiont structure and speciWcity.
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